INTRODUCTION
Life on Earth is dictated by circadian fluctuations of light caused by the planet's rotation around its own axis. Biological clocks are oscillators that enable the anticipation of diurnal variations in environmental conditions and thereby couple physiological processes to geophysical time (Mohawk et al., 2012) . All three domains of life -archaea, bacteria, and eukarya-have evolved different methods of developing molecular machineries to coordinate this task (Edgar et al., 2012) .
The mammalian circadian clock consists of several core transcriptional regulators, including CLOCK and BMAL1, which are most abundant during the light phase, as well as cryptochromes (CRYs) and period proteins (PERs), which are most highly expressed during the dark phase (Bass, 2012) . The circadian clock is characterized by a hierarchical principle. The central clock in the suprachiasmatic nucleus is entrained by environmental light conditions. In turn, the central clock entrains the peripheral clocks through various hormonal and neuronal signals, which dictate the rhythmic gene expression of oscillating genes in most other organ systems (Dibner et al., 2010; Hogenesch and Ueda, 2011) . In the periphery, the circadian clock controls many biological processes, ranging from metabolism and behavior to immunity, and helps to synchronize these processes to diurnal fluctuations in environmental conditions (Asher et al., 2010; Gerhart-Hines et al., 2013; Keller et al., 2009; Nguyen et al., 2013; Silver et al., 2012; Yu et al., 2013) .
In humans, disruption of the circadian clock is a common hallmark of the modern alteration in lifestyle and is especially evident in individuals engaged in chronic shift work or frequently flying across time zones and experiencing the ''jet lag'' phenomenon. This new set of disruptive conditions to human physiology is associated with a propensity for a wide range of diseases, including obesity, diabetes, cancer, cardiovascular disease, and susceptibility to infection (Archer et al., 2014; Buxton et al., 2012; Fonken et al., 2010; Scheer et al., 2009; Suwazono et al., 2008) . The mechanisms by which disruption of circadian rhythmicity contributes to these pathophysiological outcomes remain largely unknown.
The bacterial circadian clock has primarily been studied in light-responsive cyanobacterial communities (Johnson et 2011). In addition to transcriptional regulation, the bacterial clock is regulated at the posttranscriptional level. Rhythmic phosphorylation of proteins in a 24 hr rhythm functions as an oscillatory system, anticipating day-night variations in environmental conditions (Johnson et al., 2008; Rust et al., 2007) . It remains unknown, however, whether rhythmic activity exists in complex microbial ecosystems, some of which are not directly exposed to light-dark cycles. The mammalian intestinal microbiota constitutes such an ecosystem, whose microbial members outnumber the amount of eukaryotic cells of the host by a factor of 10. The resultant human ''metaorganism'' comprises both a eukaryotic and a prokaryotic component (Gordon, 2012; Human Microbiome Project Consortium, 2012) . The microbiota plays a pivotal role in the regulation of many physiological processes, including digestion of food components, host metabolism, the maturation and function of the immune system, and even host behavior and cognitive function (Clemente et al., 2012; Hooper et al., 2012; Hsiao et al., 2013; Sommer and Bä ckhed, 2013) , all of which show features of circadian control. Recently, rhythmic microbial sensing by intestinal epithelial cells was found to be essential for epithelial homeostasis (Mukherji et al., 2013) . Here, we demonstrate that the gut microbiota itself follows diurnal oscillations in composition and function whose regulation is governed by host feeding rhythms. Furthermore, we find evidence in both mice and humans that host circadian misalignment results in microbial dysbiosis, which drives metabolic imbalances, suggesting an involvement of transkingdom interactions between mammalian and prokaryotic diurnal rhythms in modern human disease.
RESULTS

The Intestinal Microbiota Exhibits Diurnal Oscillations
To determine the longitudinal changes of microbiota composition over the course of a day, we performed taxonomic analysis of fecal microbiota from mice every 6 hr for two light-dark cycles ( Figure 1A ). All mice were fed ad libitum and housed under strict 24 hr dark-light conditions, with lights being kept on for 12 hr. Samples were taken at the time points of changing light conditions (Zeitgeber times [ZT] 12 and 0, i.e., ''dusk'' and ''dawn,'' respectively) and at the midpoint of the dark and light phases (ZT 18 and 6, respectively). We employed the commonly used nonparametric algorithm JTK_cycle to detect rhythmic elements in the taxonomic data set (Hughes et al., 2010) . We detected significant (p < 0.05) diurnal fluctuations in the abundance of more than 15% of all bacterial operational taxonomic units (OTUs) ( Figure 1B and Table S1 available online). Groups of fluctuating bacteria featured distinctive acrophase and bathyphase times with a 24 hr period. Bacterial genera rhythmically oscillating in a 24 hr cycle belonged to abundant taxonomical orders, namely Clostridiales, Lactobacillales, and Bacteroidales, such that rhythmically oscillating OTUs accounted for about 60% of the microbiota composition and resulted in time-of-day-specific taxonomic configurations ( Figures 1C and 1D ). Highly robust circadian fluctuations were found, for instance, in Lactobacillus reuteri and Dehalobacterium spp. (Figures 1E and 1F) . The rhythmicity was reproducible regardless of housing conditions or cage effects (data not shown). We confirmed these results with a finer sampling resolution over a longer sampling period, with fecal samples being collected every 4 hr for 4 consecutive days ( Figures S1A-S1D) .
We next analyzed whether these diurnal oscillations in microbiota composition have consequences for the functional capacities of the intestinal microbial community over the course of a day. We therefore performed shotgun metagenomic sequencing of fecal samples collected every 6 hr over the course of two light-dark cycles and mapped the metagenomic reads to a gut microbial gene catalog (Qin et al., 2010) . Although the majority of genes showed a stable level over the course of a day, certain groups of genes (such as genes involved in flagellar assembly and glycosaminoglycan degradation; Figures 1G and 1H ) featured a stronger variation in abundance. To test whether such fluctuations in genes belonging to functional entities follow diurnal rhythms, we grouped genes into KEGG pathways (Kanehisa and Goto, 2000; Kanehisa et al., 2014) and employed the JTK_cycle algorithm to detect oscillations that occur with a 24 hr rhythm. Interestingly, 23% of all pathways with gene coverage above 0.2 featured diurnal rhythmicity ( Figure 1I and Table S1 ). Among these were pathways involved in nucleotide metabolism ( Figure S1E ), amino acid metabolism ( Figure S1F ), and mucus degradation ( Figure S1G ). These results suggest the existence of time-of-day-specific profiles of microbiota functionality. Interestingly, it appeared that distinct functional groups exhibited coordinated antiphasic fluctuations ( Figure 1J ). For instance, functions involved in energy metabolism, DNA repair, and cell growth were favorably performed during the dark phase ( Figure 1K ), whereas the light phase featured higher abundance of ''maintenance'' pathways involved in detoxification, motility, and environmental sensing. For instance, genes performing functions in flagellar assembly, bacterial chemotaxis, and type III secretion were most abundant during the light phase ( Figure S1H ).
Together, these results uncover fluctuations in microbiota composition and function on the scale of hours, which follow Figure S1 and Table S1 . 24 hr rhythmicity and which result in robust oscillations and timeof-day-specific configurations.
A Functional Circadian Clock of the Host Is Required for Diurnal Microbiota Oscillations The observed gut microbiota diurnal rhythmicity was present despite the lack of direct microbial exposure to environmental light-dark alterations. We thus sought to determine how these rhythmic fluctuations in microbiota composition are generated in a 24 hr period. The biological clock of the host is synchronized to environmental day-night variations by the molecular components of the circadian clock. To test whether the circadian clock of the host is required for diurnal rhythmicity in microbiota composition, we used Per1/2 À/À mice, which are deficient in a functional host clock (Adamovich et al., 2014) . We performed a taxonomic comparison between the microbiota of wild-type and Per1/2 À/À mice at each phase of the dark-light cycle over 48 hr and then used the JTK_cycle algorithm to identify rhythmic elements. Notably, Per1/2 À/À mice demonstrated a near-complete loss of rhythmic fluctuations in commensal bacterial abundance ( Figure 2A and Table S2 ), as exemplified by Bacteroidales ( Figure 2B ). The rhythmic pattern observed in wild-type mice was replaced by a random abundance fluctuation in clock-deficient mice with a reduction in the number of diurnally oscillating bacterial taxonomic units ( Figure 2C ). To determine whether the loss of compositional oscillations has any consequences for the diurnal metagenomic profile, we performed shotgun sequencing of microbiota from Per1/2 À/À mice and compared the results to wild-type mice at each phase of the day. The diurnal patterns in metagenomic pathways observed in wild-type mice were nonexistent in Per1/2-deficient mice (Figures 2D and 2E) and were instead replaced by mostly invariant levels of pathway activity throughout the light-dark cycle (Table S2 ). The preferential activity of certain functionalities during the light or dark phase was therefore lost in Per1/2 À/À mice. For instance, pathways involved in vitamin metabolism ( Figure 2F ), nucleotide metabolism ( Figure 2G ), two-component and secretion systems ( Figure 2H ), DNA repair ( Figure S2A ), cell wall synthesis ( Figure S2B ), and motility ( Figure S2C ) lost their diurnal rhythmicity in Per1/2 À/À mice. Together, these data indicate that a functional circadian clock of the host is required for the generation of diurnal fluctuations in the composition and function of the intestinal microbiota. Importantly, we also noted dysbiosis in Per1/2-deficient mice, as evident from lower alpha diversity ( Figure S2D ) and distinct intestinal community composition when compared to controls ( Figure S2E ). Some of the biggest differences in microbiota composition between wild-type and Per1/2-deficient mice were found in bacterial genera, which undergo diurnal fluctuations in wild-type mice ( Figure S2F ). To rule out the possibility that dysbiosis and loss of diurnal microbiota oscillations are inherently connected, we analyzed other genetically modified, dysbiotic mice and tested for the existence of diurnal microbiota oscillations. We chose mice deficient in the inflammasome adaptor ASC, a model that has recently been described to feature a functionally important and well-defined dysbiosis (Elinav et al., 2011; Henao-Mejia et al., 2012) . Indeed, fecal communities of wild-type and ASC À/À mice differed by alpha and beta diversity ( Figures S2G and S2H ). Nonetheless, bacterial OTUs from ASC À/À mice displayed significant compositional oscillations, as identified by JTK_cycle ( Figures S2I and S2J ). We conclude that microbiota diurnal oscillations are present at different microbiota configurations and that compositional dysbiosis and loss of diurnal rhythmicity may occur independently of each other.
Microbiota Diurnal Oscillations Are Controlled by Feeding Time
We next set out to determine the mechanism by which the circadian clock of the host is involved in generating microbial compositional oscillations in the intestine. The host circadian clock controls the rhythmicity of many physiological functions, including food consumption (Turek et al., 2005) . Conversely, feeding times are central in entraining and synchronizing peripheral clocks (Asher et al., 2010; Hoogerwerf et al., 2007; Stokkan et al., 2001) . Rodents are nocturnal animals that eat preferentially during the dark phase ( Figure S2K ). In contrast, Per1/2 À/À mice feature a greatly attenuated diurnal feeding rhythm and consume food continuously throughout the day ( Figure S2L ). It was therefore plausible that microbiota rhythmicity in a normal wild-type host was driven by its diurnal eating habits, whereas the diminished microbiota rhythmicity in Per1/2 À/À mice was secondary to its profoundly altered food consumption timing. To this end, we performed a timed feeding experiment in which wild-type mice were given access to food only during the light phase or only during the dark phase ( Figures 3A, S3A , and S3B). In line with the ability of scheduled feeding to entrain peripheral clocks, this reversal of feeding habits inverted the expression pattern of intestinal clock genes ( Figure S3C ). After 2 weeks of continuous scheduled feeding, we collected fecal microbiota samples every 6 hr for two consecutive light-dark cycles. Using the JTK_cycle algorithm, we found that microbiota oscillations in the darkphase-fed group were similar to ad-libitum-fed mice, reflecting the normal mainly nocturnal feeding habits of rodents (Figures  3C-3F and S3D and Table S3 ). In contrast, cycling OTUs often featured distinct phases between dark-phase-fed and lightphase-fed groups ( Figures 3C-3F and S3D ). Most cycling OTUs appeared to exhibit a phase shift of about 12 hr upon modification of feeding times, suggesting direct control of microbiota rhythms by feeding times. Such a phase shift was, for (D) Heatmap representation of diurnal fluctuations of KEGG pathways in microbiota from wild-type mice, which are absent in microbiota from Per1/2-deficient mice; metagenomics analysis was performed in a total of three mice at each time point and only pathways with a coverage > 0.2 were compared. Figure S2 and Table S2 . (legend continued on next page) instance, observed in the case of Bacteroides acidifaciens (Figure 3C ), Lactobacillus reuteri ( Figure 3D ), and Peptococcaceae ( Figure 3E ). We also observed cases of de novo or enhanced rhythmicity in the light-phase-fed groups, as exemplified by Candidatus Arthromitus ( Figure 3F ). These results suggest that feeding times influence daily fluctuations in microbiota composition and that the oscillations in abundance of commensal bacteria can be controlled by scheduled feeding. Consequently, if feeding times are directly controlling diurnal fluctuations in microbiota composition, then timed feeding should rescue the loss of such fluctuations in mice deficient in the circadian clock. We therefore performed a similar food restriction experiment on Per1/2 À/À mice and analyzed microbiota samples every 6 hr over two light-dark cycles after 2 weeks of scheduled feeding. Indeed, both light-phase-fed and darkphase-fed, but not ad-libitum-fed, Per1/2 À/À mice featured significantly oscillating bacterial OTUs, demonstrating de novo rhythmicity generation in a formerly arrhythmic community composition ( Figures 3G and S3E and Table S3 ). Similar to wild-type mice undergoing timed feeding, the phase of microbiota oscillations followed the feeding time in Per1/2 À/À mice, and oscillating OTUs showed phase shifts between darkphase-fed and light-phase-fed mice ( Figure S3E ). For instance, the oscillations in Lactobacillus reuteri ( Figure 3H ) and Bacteroides ( Figure 3I ) observed in dark-phase-fed Per1/2 À/À mice followed the patterns observed in ad-libitum-fed or dark-phase-fed wild-type mice, whereas the light-phase-fed group exhibited opposite cycles. These results demonstrate that rhythmic feeding can reconstitute OTU oscillations in Per1/2 À/À mice ( Figure 3J ). To further corroborate the centrality of host feeding rhythmicity in controlling microbiota oscillations, we transplanted microbiota from Per1/2 À/À mice (lacking diurnal fluctuations)
into wild-type germ-free mice that were housed under normal light-dark conditions ( Figure 3K ). Upon fecal transplantation, colonized germ-free mice exhibited regular nocturnal activity and metabolic patterns ( Figures S3F and S3G ). This was also observed when control transplantations with microbiota from wild-type mice were performed ( Figure S3H ). One week after transplantation into the germ-free host, fecal microbiota from Per1/2 À/À mice featured a normalized diurnal rhythmicity ( Figure 3L ). Taken together, our results show that rhythmicity of food intake dictates daily oscillations in microbiota composition and that microbiota rhythmicity is a flexible process that can be lost or regained in response to changed feeding behaviors. Thus, feeding times couple the circadian patterns of host behavior to diurnal fluctuations in microbiota composition and function.
Environmental Disruption of Normal Sleep Patterns Induces Loss of Microbiota Diurnal Rhythmicity and Dysbiosis
We next sought to test the physiological relevance of microbiota diurnal rhythmicity. In humans, disturbances of the circadian clock often occur in the setting of shift work and chronic jet lag, where external light conditions change frequently and impair the ability of the molecular clock to adapt to a stable rhythm. We mimicked this situation in mice by using a jet lag model in which mice were exposed to an 8 hr time shift every 3 days ( Figure 4A ). To this end, mice were subjected to an 8 hr light cycle advance, remained under these conditions for 3 days, and were then reverted back to the original light-dark cycle. After another 3 days, this pattern was repeated. This model simulates the jet lag situation induced by frequent flying between countries with an 8 hr time difference and likewise mimics a scenario of regular switching between day and night shift work (Huang et al., 2011; Yamaguchi et al., 2013) . After 4 weeks of jet lag induction, mice returned to the starting light cycle conditions and were analyzed 1 day after the last time shift. Induction of jet lag resulted in the loss of host rhythmic physical activity ( Figures S4A and S4B ). Similar to humans, jet lag also led to an irregular pattern of food intake rhythms, resulting in a loss of day-night variations in food consumption ( Figures  4B and S4C) . Nonetheless, the overall daily amount of food intake was not affected between control and jet-lagged mice ( Figure 4B ). Successful induction of jet lag was also confirmed by a shift in peripheral clock transcript oscillations ( Figures  S4D-S4F ).
Given our finding that rhythmic food intake induces diurnal fluctuations in the microbiota, we examined whether these disruptions of rhythmic behavior by jet lag would also impair diurnal oscillations in microbiota composition. To this end, we performed a taxonomic analysis of microbiota composition every 6 hr in jet-lagged mice and tested for rhythmicity by JTK_cycle. Analogous to mice deficient in the circadian clock, jet-lagged mice featured an abrogation of bacterial rhythms with a reduced number of oscillating bacterial taxonomic units (Figures 4C-4E ; see also Table S4 ). Together, similar to genetic disruption of the circadian clock, environmentally induced abrogation of daily oscillatory patterns was associated with loss of diurnal rhythmicity in microbiota composition.
Our observation of dysbiosis in genetically clock-deficient mice prompted us to analyze the community composition of ''jet-lagged'' mice after 4 weeks of time shifts. Indeed, microbiota composition slightly differed between control and jet lagged mice ( Figure 4F ). When we followed mice for a period of 16 weeks of continuous time shifting, dysbiosis was enhanced Figure S3 and Table S3 .
( Figure 4G ) and partially affected taxonomic units that were found to be oscillating in wild-type mice ( Figure 4H and Table  S4 ). Altogether, these data suggest that chronic environmental or genetic disruption of the mammalian dark-light cycle manifests as significant alterations in feeding rhythms and as a failure to maintain microbiota rhythmicity and composition.
Dysbiosis Associated with Environmental Clock Disruption Drives Metabolic Disease
Chronic jet lag and shift work are behavioral patterns that have become widespread in humans only recently, following the industrial revolution. These newly introduced behavioral patterns are associated with increased risk for obesity, diabetes, and Figure S4 and Table S4 . (Archer et al., 2014; Buxton et al., 2012; Fonken et al., 2010; Scheer et al., 2009; Suwazono et al., 2008) . Because we found loss of microbiota oscillations and dysbiosis to be associated with jet lag in mice, we set out to test whether the microbiota is involved in metabolic imbalances associated with altered circadian rhythms. We first established that jet lag is linked to manifestations of the metabolic syndrome. We fed jet-lagged and control mice a high-fat diet, containing 60% of caloric energy from fat, thereby mimicking human dietary habits predisposing to the metabolic syndrome. Indeed, as early as 6 weeks after instating of high-fat diet, time-shifted mice exhibited enhanced weight gain and exacerbated glucose intolerance as compared to mice maintained on normal circadian rhythmicity ( Figures 5A-5C ). Because the overall food intake was not different between wild-type and jetlagged mice ( Figure 4B ), we hypothesized that alterations in microbiota composition may contribute to this metabolic phenotype. Indeed, wide-spectrum antibiotic treatment for the duration of jet lag induction (vancomycin, ampicillin, kanamycin, and metronidazole; Fagarasan et al., 2002; Rakoff-Nahoum et al., 2004 ) abrogated obesity and glucose intolerance in jetlagged mice ( Figures 5A-5C ). Obesity in time-shifted mice was associated with higher fat mass, which was rescued by antibiotic treatment ( Figures 5D and 5E ). MRI revealed that this accumulation of fat mass resulted in increased subcutaneous and visceral fat deposition in mice that underwent chronic time shifting ( Figure 5J ). Of note, glucose tolerance by itself underlies circadian variation (Kaasik et al., 2013; So et al., 2009) . Nevertheless, diurnal differences in glucose intolerance between jet-lagged and control groups persisted irrespective of daily time of measurement (data not shown). Disruption of nocturnal behavior and feeding patterns in jet-lagged mice was unaffected by high-fat diet or antibiotics treatment (Figures S5A-S5F ). Although high-fat feeding did reduce, to some extent, the number of oscillating OTUs (Figures S5G-S5I and Table S5 ), microbiota oscillations persisted after 1 week of antibiotics treatment (Figures S5J-S5L and Table  S5 ). Moreover, jet-lagged mice maintained on regular chow diet for 4 months also featured higher body weight and increased body fat mass as compared to their non-jet-lagged controls (Figure 5F ), highlighting the fact that jet-lag-induced adverse metabolic effects were independent of the dietary composition.
To further corroborate the role of the altered microbiota in the metabolic imbalances observed in jet-lagged mice, we performed fecal transfer of control or ''jet-lagged'' microbiota configurations into germ-free Swiss Webster mice. Recipients of the time-shifted microbiota exhibited enhanced weight gain and glucose intolerance as compared to control microbiota recipients ( Figures 5G and 5H) . Furthermore, similar to their respective donors, recipients of microbiota from time-shifted mice featured a significant increase in body adiposity ( Figure 5I) . MRI scanning showed an increase in body fat in germ-free mice that had received microbiota from jet-lagged donors (Figure 5K) . Collectively, these results demonstrate that jet-lagassociated metabolic derangements are transmissible by the microbiota.
Human Microbiota Exhibits Diurnal Oscillations and
Time-Shift-Associated Dysbiosis with Metabolic Consequences Finally, we examined whether our findings in animal models may apply to humans. We first determined microbiota community variations in human fecal samples from two subjects collected at multiple time points during the day for several consecutive days ( Figure 6A and Table S6 ). Using 16S rDNA sequencing, we found diurnal fluctuations in the abundance of up to 10% of all bacterial OTUs (Figures 6B and 6C) . Similar to what we had documented in mice, oscillating OTUs feature distinct acrophases and bathyphases over the course of a day ( Figure 6D ). Robust oscillations were found, for instance, in Parabacteroides ( Figure 6E ), Lachnospira ( Figure S6A ), and Bulleida ( Figure S6B ). The diurnal rhythmicity in OTU abundance resulted in time-ofday-specific microbiota community configurations with a repetitive pattern over the observed time period ( Figure S6C ). We also performed metagenomic analysis of human samples at multiple times of a day and found that about 20% of all pathways with a gene coverage higher than 0.2 exhibited a diurnal abundance pattern (Figures 6F), as exemplified by genes belonging to dioxin degradation pathways ( Figure S6D ). Analogous to our findings in mice, distinct functional entities featured preferential abundance at different times of the day. For example, energy metabolism and protein production were preferentially performed during the light phase, whereas detoxification pathways were mostly active during the night (Figures 6G and 6H) . The peak phases of pathway activity occurred at opposite times of the day Figure S5 and Table S5 . compared to mouse microbiota ( Figure 6I ), as would be expected from diurnal versus nocturnal behavior of the host. Together, these data suggest that, like in mice, components of the human intestinal microbiota may undergo diurnal variations in composition and function. Furthermore, our data in mice suggest that disruption of the circadian clock by aberrant sleep-activity cycles leads to aberrant microbiota composition. The time shift model we applied in mice corresponds to the jet lag induced by flying between countries with an 8 hr time difference. We therefore collected fecal samples from two healthy human donors who underwent such a flight-induced time shift of 8 to 10 hr (flying from central or western United States time zones to Israel) and performed a taxonomic analysis 1 day before the induction of travel-induced jet lag, during jet lag (1 day after landing), and after recovery from jet lag (2 weeks after landing) ( Figure 7A ). Indeed, microbiota communities showed a time-shift-induced change in composition, detected 24 hr into jet lag ( Figure 7B and Table S7 ). Microbiota samples obtained during jet lag showed a higher relative representation of Firmicutes, which was reversed upon recovery from jet lag. Interestingly, Firmicutes have been associated with a higher propensity for obesity and metabolic disease in multiple human studies (Ley et al., 2006; Ridaura et al., 2013) . To analyze whether the microbiota changes in jet-lagged individuals were associated with increased susceptibility to metabolic disease, we performed fecal transfer experiments into germ-free mice of human samples obtained from individual subjects before jet lag, 24 hr into jet lag, and following recovery from jet lag ( Figure 7C ). Germ-free mice colonized with microbiota from jet-lagged individuals displayed enhanced weight gain and featured higher blood glucose levels after oral glucose challenge compared to samples taken before the time shift (Figures 7D and  7E ). This metabolic alteration was reversed following recovery from jet lag ( Figures 7D and 7E) . Furthermore, germ-free recipients of microbiota from the jet-lagged state accumulated more body fat than mice receiving microbiota from the same subjects before or after jet lag ( Figure 7F ). Together, albeit preliminary, these data suggest that members of the human microbiota undergo diurnal oscillations, that circadian misalignment in humans is associated with dysbiosis, and that the resulting microbial community may contribute to metabolic imbalances.
DISCUSSION
In this study, we describe that the mammalian gut microbiota displays diurnal oscillations, which are governed by food consumption rhythmicity. If rhythmic feeding times are distorted, as in the case of genetic clock deficiency or time-shift-induced jet lag, then microbiota oscillations are impaired ( Figure S7 ). Chronic circadian misalignment in mice and time-shift-induced jet lag in humans result in dysbiosis and transmissible metabolic consequences, including obesity and glucose intolerance. These observations provide the first example of how a symbiotic community may synchronize its interdependent physiologic activities to the geophysical clock and how this promotes homeostasis of the metaorganism.
Previous studies looking at temporal fluctuations in the microbiota have considered longer time frames and found a remarkable stability of individual microbial compositions over time Lozupone et al., 2012) . Here, we performed the longitudinal microbiota study with a finer temporal resolution and found an hour-scale fluctuation with a diurnal rhythm. Notably, our analysis focuses on the diurnal variations in microbial community composition and metagenomic pathways. Because molecular components of bacterial circadian clocks have also been described to function on the transcriptional and posttranscriptional level (Lenz and Søgaard-Andersen, 2011) , it is possible that some members of the commensal microbiota harbor yet another level of time-dependent activity control, which, in addition to the patterns in relative abundance, might regulate bacterial activity in a rhythmic manner.
Our results have several implications. First, they suggest that the metabolic imbalances associated with chronic disturbances of host circadian rhythms, such as the ones found in shift workers and during jet lag, have a communicable component that depends on the composition of the microbiota and its effect on host metabolism. The morbidities associated with disruptions of host circadian rhythms are emerging diseases of the modern life style, and the underlying etiology is highly multifactorial. Our study identifies alterations in intestinal microbial communities as an additional driving force of such disease manifestations and implies that targeted probiotic or antimicrobial therapy may be tested as potential new preventive or therapeutic approaches. The results presented here may thus prompt future studies to determine the impact of circadian misalignment on factors shaping the microbiota, including immune and metabolic pathways of the host, eating patterns, stress hormone levels, and bowel movement.
Second, our study reveals that, in addition to the type of diet being a modulator of microbiota composition, the timing of food intake plays a critical role in shaping intestinal microbial ecology. When food intake is rhythmic, we found that around 15% of commensal bacterial taxonomic units (and a much higher percentage of abundance) fluctuate over the course of a day. Analogous to peripheral clocks, the microbiota rhythms are influenced by the host clock and perform critical functions in the Figure S6 and Table S6. adaptation of metabolic processes to the diurnal fluctuations in the environment. Indeed, recent work has shown that cues from the microbiota play an important role in the generation of circadian rhythms in intestinal epithelial cells (Mukherji et al., 2013) . Together, this recent work and the present study suggest an emerging paradigm whereby a feedback loop exists between diurnal oscillations of the host and the microbiota with mutual cross-regulation of interdependent functions. Data are expressed as mean ± SEM. See also Figure S7 and Table S7 .
In addition, the diurnal fluctuations in intestinal microbial ecology discovered here should be taken into account when interpreting studies focusing on human and animal microbiota composition. Based on our results, it might be advisable that human subjects involved in microbiota studies provide their samples at a standardized time of the day in order to exclude the effect of diurnal variations on the interpretation of diet or treatment modalities. Our study reveals that dysbiosis has a temporal dimension and that static microbiota comparisons might not be fully conclusive unless samples were taken in a controlled manner with respect to this important additional variable. Shortterm rhythmic oscillations in the microbiota, such as the ones described in this study, may be exaggerated or disrupted under various disease conditions, and it will be interesting to determine the impact of such ''temporal dysbiosis'' on microbiota-mediated diseases with different manifestations or varying degrees of severity at different phases of the day.
Finally, the network of codependent diurnal rhythms between the host and its indigenous microbiota might confer several biological advantages to the metaorganism. A dynamic microbiota composition may be able to meet the challenges imposed by diurnal fluctuations in the environment better than a temporally static composition. As demonstrated in this study, food intake by the host undergoes circadian fluctuations, which evoke temporal changes in the bacterial species involved in nutrient metabolism. Thus, oscillations in components of the microbiota might anticipate these temporal variations in nutrient availability. We found that pathways involved in growth and energy metabolism (such as nucleic acid repair, nucleotide metabolism, and carbohydrate and amino acid metabolism) are antiphasic to motility and detoxification pathways (including flagellar assembly, chemotaxis, and xenobiotics degradation). Because our taxonomic analysis indicates that microbiota oscillations are following rhythmic food intake, such metagenomic fluctuations might be the result of rhythmic niche occupation by specialists, which are responsive to phases of food intake/starvation. In such a scenario, the nonoscillating species would represent a population responsible for ''housekeeping'' functions that are not subject to diurnal changes. Moreover, the microbiota provides colonization resistance against foreign microbial elements, including enteric pathogens (Stecher and Hardt, 2011) that are potentially introduced by food consumption during waking hours. As such, the introduction of foreign microbial elements into the intestinal microbiota underlies daily fluctuations, generating the need for diurnal rhythmicity of niche occupation by the commensal microbiota. Unraveling the roles and regulators of diurnal microbiota oscillations may add an important facet to our quest for molecular elucidation of the principles of symbiotic coexistence of host with its microbial milieu, and modulation of microbiota rhythmicity may consequently be exploited therapeutically.
EXPERIMENTAL PROCEDURES Mice
Mice were kept under strict light-dark cycles, with lights being turned on at 6 AM and turned off at 6 PM. For the induction of jet lag, mice were shifted between control light conditions (lights turned on at 6 AM and turned off at 6 PM) and an 8 hr time difference (lights turned on at 10 PM and turned off at 10 AM) every 3 days. Experiments performed on jet-lagged mice were done when these mice were in the same light-dark cycle as control mice, and ZTs were synchronized (i.e., ZT0 of jet lag mice corresponded to ZT0 of control mice, as all mice were exposed to the same light-dark conditions at the onset of sample collection). In food restriction experiments, mice were housed under standard light-dark conditions (6 AM to 6 PM) but had access to food only during the light or dark phase, respectively, for 2 weeks. For antibiotic treatment, mice were given a combination of vancomycin (1 g/l), ampicillin (1 g/l), kanamycin (1 g/l), and metronidazole (1 g/l) in their drinking water. Stool samples were collected fresh and on the basis of individual mice. For experiments involving gnotobiotic mice, germ-free Swiss Webster mice were housed in sterile isolators. For fecal transplantation experiments, 100 mg of stool was resuspended in 1 ml of PBS, homogenized, and filtered through a 70 mm strainer. Recipient mice were gavaged with 200 ml of the filtrate.
Microbiota Analysis
For 16S amplicon sequencing, PCR amplification was performed spanning the V1/2 region of the 16S rRNA gene and subsequently sequenced using 500 bp paired-end sequencing (Illumina MiSeq). For metagenomic shotgun analysis, libraries were sequenced using 50 bp single-read sequencing (Illumina HiSeq).
Statistical Analysis
Data are expressed as mean ± SEM. For the analysis of rhythmic oscillations and their amplitudes, the nonparametric test JTK_cycle was used (Hughes et al., 2010) , incorporating a window of 18-24 hr for the determination of circadian periodicity. Bonferroni-adjusted p values < 0.05 were considered significant. The Benjamini-Hochberg procedure was used to control the false discovery rate. JTK_cycle results are provided in supplemental tables. Differences in metabolic data were analyzed by ANOVA, and post hoc analysis for multiple group comparison was performed. Pairwise comparison between host transcript data was performed using Student's t test.
A detailed description of materials and methods used in this paper can be found in the Extended Experimental Procedures.
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